Abstract Prolific breeding and production of high percentage of recruits are main problems in mixed-sex Nile tilapia (Oreochromis niloticus) culture in earthen ponds. The current study assessed the efficiency of different sizes of African sharptooth catfish (Clarias gariepinus) in controlling recruitment in mixed-sex Nile tilapia cultured in tanks and its effect on growth performance, percentage survival and yield. Three treatments consisting of triplicate ponds stocked with mixed-sex Nile tilapia in monoculture and in polyculture with large (62.50 ± 3.26 g) and small (40.00 ± 2.68 g) African sharptooth catfish were fed on a 297.50 g kg -1 crude protein diet for 126 days. Results showed that, the number of recruits was significantly lower in larger African sharptooth catfish predator than smaller ones and monoculture of Nile tilapia. Polyculture with larger African sharptooth catfish resulted in significantly higher growth performance of Nile tilapia. Large African sharptooth catfish in polyculture reduced the amount of small, low-value recruits, while the yield of large and high value Nile tilapia was increased. This study revealed that fish farmers can reduce prolific breeding, obtain higher growth performance and produce larger size of marketable Nile tilapia by predominantly stocking ponds with large African sharptooth catfish predator of at least 60 g.
. Its production in developing countries occurs primarily in semi-intensive ponds with fertilization and/or supplementary feeding. In Tanzania, more than 95 % of fish farmers culture Nile tilapia in earthen ponds under mixed-sex culture (Kaliba et al. 2006) .
One of the main problems facing the culture of mixed-sex Nile tilapia in earthen ponds is early maturation leading to prolific breeding and production of high percentage of recruits (Offem et al. 2009; Chakraborty et al. 2011; Yakubu et al. 2012; Dagne et al. 2013) . As a result, the total biomass at harvest comprises 28-70 % of small-size, low-value fish originating from spontaneous breeding (de Graaf et al. 1996; Ofor et al. 2011) . The increased number of recruits in mixed-sex culture causes stunted growth due to shortage of space and competition for food (Yi et al. 2002; Abdel-Tawwab 2005; Offem et al. 2009 ).
Various methods for controlling recruitment in mixed-sex Nile tilapia have been proposed. The methods and their limitations have been reviewed by Mair and Little (1991) . The methods include culture with predators, culture in cages, intermittent harvesting, as well as hybridization, induction of sterility and production of mono-sex progenies. However, most of these methods are not only expensive to the local fish farmers in Tanzania, but also increase the production cost and limit the expansion of the aquaculture industry (Carlberg et al. 2000) . Using a predatory fish to control recruitment in mixed-sex Nile tilapia cultured in ponds is perceived as one of the most appropriate, safe and affordable method in developing countries (AbdelTawwab 2005; Offem et al. 2009 ). However, the efficiency of a predator fish is determined by its capacity to prey upon the recruits of Nile tilapia (de Graaf et al. 1996; Hernández et al. 2014) .
African sharptooth catfish (Clarias gariepinus, Burchell) is one of the commonly used predators in controlling recruits in mixed-sex Nile tilapia culture (Lin and Diana 1995; de Graaf et al. 1996) . Stocking African sharptooth catfish at a proper size reduces the number of recruits in mixed-sex culture of Nile tilapia, enhances growth performance and produces large marketable Nile tilapia sizes due to adequate food and space (Offem et al. 2009) . It has been shown that, recruitment of Nile tilapia can be completely controlled by large (6.8-130 g) rather than small-size (\3.65 g) African sharptooth catfish (de Graaf et al. 1996) . However, in certain circumstances, African sharptooth catfish has been criticized as a lazy predator with a low predatory efficiency in controlling recruits in mixed-sex Nile tilapia (de Graaf et al. 1996; Yi et al. 2002; Ofor et al. 2011 ). This is due to the limited availability of appropriate large-sized African sharptooth catfish with optimum predation efficiency (Abdel-Tawwab 2005; ElNaggar 2007; Offem et al. 2009 ). Low predatory efficiency in certain stocks of African sharptooth catfish has resulted in similar yields between polyculture with Nile tilapia and monoculture systems (Offem et al. 2009 ). Choosing an efficient African sharptooth catfish predator of a specific size capable of completely controlling recruits in mixed-sex Nile tilapia represents a limitation to the success of this technique (Fagbenro 2004) . To limit the proliferation of small-size Nile tilapia, it is imperative to stock ponds with predators of an adequate size, as predation is size dependent (Shrestha et al. 2011) .
The objective of this study was therefore to assess the efficiency of two sizes of African sharptooth catfish in controlling recruitment in mixed-sex Nile tilapia cultured in concrete tanks. The study also evaluated the growth performance, survival and production of Nile tilapia in monoculture and polyculture with African sharptooth catfish.
Materials and methods

Experimental design
The study was conducted at the Sokoine University of Agriculture (SUA) in Morogoro, Tanzania. Nine outdoor circular concrete tanks each having 7 m 2 and mean depth of 1 m were used with fortnightly complete renewal rate of water in each tank. The experiment consisted of three replicates of mixed-sex Nile tilapia in monoculture (as a control) and a polyculture system with African sharptooth catfish. Both the mixed-sex population of Nile tilapia brooders and African sharptooth catfish predators were collected from grow-out ponds at the site and acclimatized in separate tanks for 2 weeks prior to the start of the experiment. The sex ratio of Nile tilapia broodstock was determined by looking at genital papilla prior to stocking to produce homogenous sex ratios across treatments and replicates. This was necessary because the sex ratio has definite impact on the production of offspring (Mair and Van Dam 1996) . A homogenous sex ratio of 3:1 equivalent to 12:4 females to males, respectively, was used in all treatments and replicates. In both systems, mixed-sex Nile tilapia brooders and African sharptooth catfish were stocked at a density of 3 fish m -2 . The stocking density of 3 fish m -2 used in this study was done intentionally to reflect the practice by rural fish farmers in Tanzania. In the monoculture system, 21 mixed-sex Nile tilapia brooders with an initial average weight (mean ± standard deviation) of 51.80 ± 2.30 g were stocked alone to act as a control of the experiment. In the polyculture system, a stocking ratio of about 3:1 for Nile tilapia and African sharptooth catfish, respectively, was used. Sixteen mixed-sex Nile tilapia brooders with an initial average weight (mean ± standard deviation) of 53.50 ± 4.12 g and five large (62.50 ± 3.26 g) African sharptooth catfish were stocked in the first polyculture tanks. A similar number of mixed-sex Nile tilapia brooders (16) with an initial average weight (mean ± standard deviation) of 52.30 ± 3.58 g and five small African sharptooth catfish (40.00 ± 2.68 g) were stocked in the second polyculture tank. The choice of the two sizes of African sharptooth catfish was based on ease of availability. The experiment lasted for 126 days.
Fish in both culture systems were fed on a 297.50 g kg -1 crude protein diet made using locally available cotton seed cake (683.40 g kg -1 of dry feed), maize bran (315.60 g kg -1 ) and vitamin premix (1.00 g kg -1 ) (Table 1) for the entire period of the study. A daily ration of 5 % average body weight of Nile tilapia in monoculture or of the combined body weights of Nile tilapia and African sharptooth catfish in the case of polyculture was adopted. The ration was divided into two portions and fed twice daily in the morning (between 0900 and 1000 hours) and evening (between 1500 and 1600 hours).
Data collection
Before the experiment, all African sharptooth catfish individuals were weighed to the nearest 0.01 g by using a sensitive weighing balance (Electronic Precision Balance Model EJB-KD-3000 g, Endel Global Weighing Company). Before weighing, the specimens were blot dried to ensure accuracy. Thereafter all fishes were weighed every 14 days from each tank. Feeding allowances were calculated on the basis of the weights of the African sharptooth catfish and large Nile tilapia. Feeding regimes were re-computed fortnightly after each sampling using the average weights.
At the end of the experiment, water was completely drained out of each tank and all fishes including the recruits were collected, sorted according to species and size (fingerlings and adults) and counted. Nile tilapia adults and their recruits were weighed individually to determine the final mean weight (FMW, g) and weight classes (g), respectively, at the time of harvesting. African sharptooth catfish, large Nile tilapia and their recruits were then weighed for determination of yield. The yield (g) and tank area (m 2 ) were extrapolated into kilogram (kg) and hectare (ha), respectively, for reporting purposes. Daily weight gain (DWG, g day -1 ), a Vitamin premix (per kg of premix): thiamine, 2.50 g; riboflavin, 2.50 g; pyridoxine, 2.00 g; inositol, 100.00 g; biotin, 0.30 g; pantothenic acid, 100.00 g; folic acid, 0.75 g; para-aminobenzoic acid, 2.50 g; choline, 200.00 g; nicotinic acid, 10.00 g; cyanocobalamine, 0.005 g; a-tocopherol acetate, 20.10 g; menadione, 2.00 g; retinol palmitate, 100,000 IU; cholecalciferol, 500,000 IU specific growth rate (SGR, %), percentage survival (SR, %), net fish yield (NFY) and net annual yield (NAY) were calculated using the following formulae:
where W f is the final mean weight (g), W i the initial mean weight (g) and t is the growth period (days).
where N h is the total number of fish harvested and N s is the total number of fish stocked.
where W h is the total weight of fish harvested (kg), W s the total weight of fish stocked (kg) and A is the tank area (ha)
Water quality parameters were measured twice daily in the morning (0830-0900 hours) and in the afternoon (1630-1700 hours) to gain an insight into the prevailing environmental conditions in fish tanks. Temperature, pH and dissolved oxygen (DO) were measured using a multi-probe kit (model KTO, HQ, 40D PHC 101-LD 101-01 by Hach Company Ltd, Loveland, CO, USA).
Statistical analyses
Data are presented as mean ± standard error (SE) of mean values and tested for homogeneity of variance using Levene's test based on mean values. After confirming homogeneity of variances, one-way analysis of variance (ANOVA) was used to test if there were any significant differences in the number of recruits, their mean weights and their percentage contribution on yield among treatments. The contributions (%) to yield of adult Nile tilapia and African sharptooth catfish were compared using one-way ANOVA and independentsamples t test, respectively. ANOVA was similarly used to identify any significant differences in FMW, NFY and NAY among the treatments. The differences among treatments for DWG and SGR were assessed using repeated measures ANOVA as the same groups of individuals were measured repeatedly over a period of time.
The individuals are one factor (usually considered as random and serving as replication) and the time dimension is the second factor, a fixed treatment effect (Winer 1971) . When significant differences were detected, Tukey post hoc test was performed to determine specific significant differences among treatments. Percentage data were arcsine-transformed prior to ANOVA and back-transformed afterwards for reporting purposes (Zar 2010). All statistical analyses were performed using SPSS version 20 for Windows. Significant differences were judged at a probability level of p B 0.05 for ANOVA, t test and Tukey tests (Zar 2010).
Results
Number of recruits and their weights
Results on the effect of size of predator on controlling the number of Nile tilapia recruits are shown in Fig. 1 . The initial size of the predator African sharptooth catfish had a significant effect on reducing the number of recruits in mixed-sex Nile tilapia culture (F 2,6 = 14.712; p = 0.005). The multiple comparisons test showed significantly lower mean number of Nile tilapia recruits in larger (19.33 ± 3.18) compared to smaller African sharptooth catfish predators (40.33 ± 3.18; p = 0.046) and monoculture of Nile tilapia (240.33 ± 54.77; p = 0.006). Likewise, significantly lower number of Nile tilapia recruits were recorded in polyculture with smaller African sharptooth catfish compared to monoculture of Nile tilapia (p = 0.010). Large African sharptooth catfish predators controlled the number of Nile tilapia recruits to less than ten percent (only 6 % remained) at the end of the experiment. Comparatively, this represents about 12 (80 %) and 2 (13 %) times the number of recruits that remained in monoculture of Nile tilapia and polyculture with smaller African sharptooth catfish, respectively. At the end of the 126-day rearing period, the body weight classes of tilapia recruits ranged from 0.10 to 30.00 g (Fig. 2) . In all situations, with or without African sharptooth catfish predators, very small tilapia recruits (\3 g) were abundant. In the ponds stocked with small catfish, recruits [20 g were rare, whereas in those stocked with large African sharptooth catfish, they were more abundant. These variations in weight classes contributed to the significant difference in the mean body weight of Nile tilapia recruits among the treatments (F 2,387 = 8.470, p \ 0.001; Fig. 3 ). The mean body weight of Nile tilapia recruits was significantly higher in the tanks stocked with larger (14.78 ± 1.39 g) than smaller African sharptooth catfish predator (8.71 ± 0.59 g, p \ 0.001) and monoculture of Nile tilapia (11.52 ± 0.70 g; p = 0.050). Nile tilapia recruits stocked in monoculture tanks attained significantly higher mean body weights than those stocked in tanks with smaller African sharptooth catfish predator (p = 0.024).
Growth performance and percentage survival
The mean weight increase in Nile tilapia in the three experimental treatments is shown in Fig. 4 . The size of predator African sharptooth catfish affected significantly the final weight of Nile tilapia (F 2,42 = 278.283, p \ 0.001). The multiple comparisons test showed significantly higher FMW (198.74 ± 0.39 g) of Nile tilapia in larger than smaller African sharptooth catfish predators (140.52 ± 3.27 g) and monoculture of Nile tilapia (128.39 ± 2.10 g) (p \ 0.001; Table 2 ). Similarly, Nile tilapia reared together with smaller African sharptooth catfish revealed significantly higher FMW than those reared in monoculture (p = 0.01; Table 2 ). Nile tilapia stocked with large African sharptooth catfish had comparatively higher FMW (43 %) than those in polyculture with small African sharptooth catfish (30 %) and monoculture system (27 %). Table 2 ). Furthermore, the DWG for Nile tilapia polycultured with small African sharptooth catfish was significantly higher than those reared alone (p \ 0.001). Similarly, SGR of Nile tilapia was significantly affected by the size of the predator African sharptooth catfish (F 8,64 = 161.071, p \ 0.001). Nile tilapia reared with larger African sharptooth catfish had significantly higher SGR than those raised with small African sharptooth catfish and in monoculture (p \ 0.001; Table 2 ). Likewise, Nile tilapia reared with smaller African sharptooth catfish had a significant SGR than those reared alone in monoculture (p \ 0.001; Table 2 ). Percentage survival of Nile tilapia was not affected in any case by the size of the predator (p [ 0.05). The size of the predator affected significantly the yield performance of the different treatments (F 2,6 = 8.179, p = 0.019). The NFY and NAY were significantly lower in polyculture with large African sharptooth catfish than in monoculture of Nile tilapia (p = 0.016; Table 3 ). However, NFY and NAY were not significantly different between monoculture of Nile tilapia and polyculture with small African sharptooth catfish (p = 0.115).
The percentage weight of Nile tilapia recruits reared in monoculture contributed almost 60 % to the yield, while those in polyculture contributed less than 20 % (Table 3 ). The contribution differed significantly among the culture systems (F 2,6 = 28.663, p \ 0.001). Nile tilapia recruits reared in monoculture contributed significantly more to the yield than those in polyculture with smaller (p = 0.001) and larger African sharptooth catfish (p = 0.002).
In the polyculture setup, the 21 stocked adult fishes (Nile tilapia and African sharptooth catfish) contributed over 80 % to the total yield, while in the tilapia monoculture the contribution was only 42 % of the total yield. The contribution of adult Nile tilapia to the yield differed significantly among the experimental setup (F 2,6 = 12.174, p = 0.008). The percentage weight of adult Nile tilapia cultured in polyculture with smaller African sharptooth catfish contributed significantly higher to the yield compared to those cultured in monoculture (p = 0.011) and polyculture with larger African sharptooth catfish (p = 0.014; Table 3 ). Larger African sharptooth catfish exhibited significantly higher percentage weight contribution to yield than smaller ones (t (4) = -13.270, p \ 0.001; Table 3 ).
Water quality parameters
The water quality parameters (mean ± standard deviation) were stable in all treatments with minor fluctuations. Water temperature ranged from 23.90 to 28.10°C with mean values between 26.23 ± 1.13 and 26.51 ± 0.96°C recorded in Nile tilapia alone and in polyculture with small African sharptooth catfish, respectively. Dissolved oxygen ranged from 2.90 to 10.19 mg L -1 with mean values between 5.99 ± 1.65 and 6.24 ± 1.54 mg L -1 obtained in polyculture with small and large African sharptooth catfish, respectively. pH values ranged from 5.59 to 7.20 with a mean of 6.55 ± 0.66 in all treatments. Results of all water quality parameters measured did not show any significant differences among treatments (p [ 0.05). 
Discussion
The results have shown that, large-sized African sharptooth catfish have a significant effect on reducing the number of recruits in mixed-sex Nile tilapia culture. A similar efficiency of larger compared to smaller size of catfish predation on recruits of Nile tilapia has been reported by Abdel-Tawwab (2005) . Moreover, Offem et al. (2009) found highest percentage (71 %) of sub-marketable Nile tilapia recruits in monoculture followed by polyculture stocked with small (49 %) and large (7 %) Vundu catfish (Heterobranchus longifilis) predator.
The efficiency of larger compared to smaller catfish predators on recruitment control of Nile tilapia is related to body size. Body size of a predator has been shown as a critical factor in predator-prey relationships (Fessehaye et al. 2006) . Variation in size between them is considered the most significant factor in predation efficiency owing to mouth width limitations (Wysujack and Mehner 2005; Offem et al. 2009 ), because prey recruits are generally swallowed whole by predators (Fessehaye et al. 2006) . In the present study, African sharptooth catfish were able to swallow Nile tilapia recruits depending on initial size of the predator and this ability was two times in larger African sharptooth catfish than the smaller ones. Thus, based on the present experimental design, it is recommended to stock African sharptooth catfish of at least 60 g to control mixedsex Nile tilapia recruitment in the culture systems depending on initial size of the prey.
The existence of 6 and 13 % in the number of recruits at the end of the experiment from polyculture with large and small African sharptooth catfish, respectively, indicates that the recruitment of Nile tilapia was only partially controlled. These findings are in agreement with those of de Graaf et al. (1996) , Abdel-Tawwab (2005) and Fessehaye et al. (2006) who reported failure of large-sized African sharptooth catfish to control completely the recruitment of Nile tilapia. This indicates that other factors such as supplementary feeding in the culture systems also play a role in affecting the predation efficiency. In their study, de Graaf et al. (1996) reported increasing efficiency in controlling Nile tilapia recruitment by African sharptooth catfish in low food systems. Equally, El-Gamel et al. (1998) observed reduced predatory efficiency by African sharptooth catfish in earthen ponds when artificial feed was offered. Moreover, Abdel-Tawwab (2005) using different sizes of African sharptooth catfish (35, 75, 180, 275 , 400 and 650 g) indicated that artificial feeding reduced the predatory rate of all African sharptooth catfish weights. Furthermore, Oyelese (2007) NA not applicable predation efficiency on Nile tilapia recruits by African sharptooth catfish fed to satiation compared to those fed sparingly. These findings imply that, feeding the fishes in polyculture reduced the ability of African sharptooth catfish to completely control recruitment because of nutritional satisfaction. Consequently, the numbers of recruits at the end of the experiment from polyculture with large and small African sharptooth catfish were 6 and 13 %, respectively. Polyculture of Nile tilapia with large African sharptooth catfish depicted significantly higher mean weights of the number of recruits remaining at the end of the experiment. These results are corroborated by the findings of Offem et al. (2009) using Vundu catfish. The predatory ability of African sharptooth catfish depends on growth rate of the prey population. Oyelese (2007) showed that, predation of African sharptooth catfish on Nile tilapia recruits stopped after the sixth week owing to the increased body size of the prey. This shows that, there is a critical period of predation by African sharptooth catfish on Nile tilapia recruits which is controlled by growth rate of the prey. As the prey grew bigger, it became less vulnerable to predation by African sharptooth catfish due to development of fin rays which complicate predation (Abdel-Hadi et al. 2011 ). This allowed a few Nile tilapia recruits available in polyculture with large African sharptooth catfish to utilize the available resources such as space and food to grow faster resulting into significantly bigger size (weight).
reported reduced
The present study demonstrated that, weight gained by Nile tilapia stocked with large African sharptooth catfish was more than 40 % compared to those stocked with small African sharptooth catfish and in monoculture system. Similarly, all the growth parameters were significantly higher in Nile tilapia stocked with large African sharptooth catfish. These results are similar to those obtained by de Graaf et al. (1996) using African sharptooth catfish and African snakehead (Ophiocephalus obscuris), Oyelese (2007) using African sharptooth catfish and Offem et al. (2009) using Vundu catfish and Nile tilapia. Likewise, Rudolf (2006) using spring salamander (Gyrinophilus porphyriticus) as a predator and Southern two-lined Salamander (Eurycea cirrigera) as a prey found an increased growth rate of prey at large size of the predator.
The increased growth performance of Nile tilapia stocked in polyculture with large African sharptooth catfish is due to predation on recruits by the latter. Predation by African sharptooth catfish reduced competition for space and food caused by recruits derived from the initially stocked adults through reproduction (Oyelese 2007) . The availability of food and space influenced increased growth performance because of enhanced feeding (Offem et al. 2009 ). On the contrary, the presence of 80 and 13 % recruits in monoculture and polyculture with smaller African sharptooth catfish, respectively, interfered with the growth performance through feed competition and space between the stocked adult Nile tilapia and their recruits. Consequently, the growth of adult Nile tilapia was restricted in polyculture with small African sharptooth catfish and in monoculture. The restriction in growth of the adult Nile tilapia by recruits is significant because of the higher metabolic rates of young ones (de Silva et al. 1986 ). The restriction problem was reduced by removing the recruits through stocking large predatory African sharptooth catfish resulting in increased growth performance of the adult Nile tilapia in the present study.
Percentage survival of Nile tilapia was not affected by the size of the predator African sharptooth catfish. Ultimately, the percentage survival was 100 % in all the treatments. This indicates that the experimental conditions in this study were conducive for Nile tilapia survival in all treatments (Offem et al. 2009 ). The high percentage survival of Nile tilapia was caused by enough food and adequate space for co-existence with African sharptooth catfish. Adult Nile tilapia has shown to have high survival when cultured in monoculture and polyculture with African sharptooth catfish (Lin and Diana 1995; Veverica et al. 2001 ). The two species can be grown together to improve the growth of Nile tilapia and ensure diversified products at the end of the growth period to the producer for increased economic benefits. This is important because the two species are known to be good source of protein and income (Chakraborty et al. 2011; FAO 2012; Yakubu et al. 2012) . Since large African sharptooth catfish provide conducive environment (optimal predation efficiency) for the rapid rearing of adult Nile tilapia for food and income, this technology should be advocated to fish farmers.
Recruitment control by large African sharptooth catfish predator reduced significantly the NFY and NAY in polyculture than monoculture of Nile tilapia. A reduction in yield in polyculture systems has been observed in earlier experiments with other catfish species such as African snakehead (de Graaf et al. 1996) . The reduced yields in polyculture with large than small African sharptooth catfish and in monoculture is contributed by the minimized number of Nile tilapia recruits by the large African sharptooth catfish. Similar observation has been reported by Abdel-Tawwab (2005) who found lower contribution of recruits to the total yield in polyculture with large African sharptooth catfish than in monoculture. Recruits contribution to the yield in monoculture was higher (58 %) than in polyculture with large catfish (17 %), suggesting that, the consumed recruits were converted into a lower weight by the predator. The lost fingerlings weight could not be fully compensated by the observed higher growth rates of Nile tilapia in polyculture with large African sharptooth catfish. However, this is not worrisome because the loss in biomass is economically compensated by the higher price obtained after selling the larger Nile tilapia produced (de Graaf et al. 1996) .
Conclusion
Large-sized African sharptooth catfish used in the present study is more efficient in reducing the number of recruits in mixed-sex Nile tilapia culture. The reduced number of recruits by the large African sharptooth catfish predator lowers competition for space and food for adult Nile tilapia resulting in increased growth performance. The reduction in number of Nile tilapia recruits in polyculture with large African sharptooth catfish contributes to low yields. Nevertheless, the low yields are compensated by the higher price obtained from selling the larger Nile tilapia produced. This study revealed that, fish farmers can reduce prolific breeding, obtain higher growth performance and produce larger-sized marketable Nile tilapia by predominantly stocking them with large African sharptooth catfish predator with initial average weight of at least 60 g.
